Abstract Photodynamic therapy (PDT) has been investigated as a postoperative treatment in patients with high grade gliomas. The purpose of this in vitro investigation was to determine whether motexafin gadolinium (MGd), a known radiation sensitizer, could potentiate the effects of 5-aminolevulinic acid (ALA)-PDT. Human glioma (ACBT) spheroids (250 lm diameter) were incubated in 5-aminolevulinic acid (ALA) with and without MGd and irradiated with 635 nm light for a total light fluence of 6, 12, or 18 J cm -2 delivered at a fluence rate of 5 mW cm -2 . Spheroid growth was monitored for a period of 4 weeks following each treatment. In another set of experiments, 400-500 lm diameter ACBT spheroids were implanted into a gel collagen matrix and subjected to ALA-PDT (fluence: 3 or 6 J cm -2 ), MGd, or a combination of ALA-PDT and MGd. The migration distance of surviving glioma cells in each treatment group was recorded over a 5-day period. The results showed that MGd interacted with PDT in a synergistic manner resulting in greater cytotoxicity than that achievable with either treatment modality alone. The degree of synergism was shown to increase with increasing light fluence. At the highest light fluence investigated (18 J cm -2 ), the percentage of spheroids demonstrating growth 4 weeks following exposure to MGd, ALA-PDT, or MGd ? ALA-PDT was 100%, 75%, and 15%, respectively. The results of cell migration studies revealed that the combination of PDT and MGd produced a significant inhibitory effect on glioma cell migration: the addition of MGd resulted in an approximately three times reduction in migration distance compared with PDT alone. Overall, the results suggest that MGd can potentiate both the cytotoxic and migration inhibitory effects of ALA-PDT and hence, this combined therapeutic approach has the potential to extend treatment volumes in patients with malignant gliomas.
Introduction
The prognosis for patients with high grade brain tumors such as glioblastoma multiforme (GBM) remains poor. Employing current therapeutic regimens consisting of maximal resection followed by postoperative fractionated radiotherapy combined with temozolomide chemotherapy, median survival is around 15 months [1] . Since approximately 80% of patients develop tumor recurrence within 2 cm of the original tumor site, the aim of postoperative therapy is to eliminate the nests of tumor cells remaining in the margins of the resection cavity [2] .
Photodynamic therapy (PDT) has been investigated as a postoperative treatment option following surgical tumor resection [3] [4] [5] . PDT is a local form of treatment involving the administration of a tumor-localizing photosensitizing drug that is spatially activated by light of a specific wavelength [6] . The resultant photochemical and photobiological events cause irreversible photo-damage to tumor tissues. PDT with endogenous protoporphyrin IX (PpIX), a potent photosensitizer induced by 5-aminolevulinic acid (ALA), or its derivatives, has been established for routine clinical treatments of several pre-malignancies and malignancies. The combination of increased tumor-to-normal brain tissue localization [7] [8] [9] [10] [11] [12] [13] , short period of skin photosensitization (24-48 h ) and oral administration, makes ALA an appealing compound for PDT diagnostics and therapeutics. For example, the high ALA tumor selectivity has been exploited for fluorescence-guided resection of glial tumors [12, 14] . One of the limitations of PDT is the rapid attenuation of light in the brain [15] . As a result, the eradication of infiltrating tumor cells found deep in the resection cavity is difficult to achieve since the delivery of toxic light fluences require long treatment times. One approach to extending treatment volumes is to use redox active drugs that enhance PDT efficacy thus lowering the fluence level required to obtain a cytotoxic effect.
Motexafin gadolinium (MGd) is an expanded form of porphyrins with a 20% larger core size than that of the porphyrins. This is due mainly to the substitution of a five core nitrogen ring for the four core nitrogen ring in porphyrins, allowing gadolinium to be incorporated at the center of the compound [16] . MGd is an agent previously reported to enhance the cytotoxic potential of radiation therapy, as well as several chemotherapeutic agents by causing redox stress to cancer cells [17, 18] . The depletion of intracellular reducing metabolites and production of reactive oxygen species caused by MGd may render cells more susceptible to the oxidative damage caused by PDT and this hypothesis provided the rationale for the present study.
In the experiments reported here, the response of human glioma spheroids to ALA-PDT with and without the addition of MGd was investigated. Three-dimensional multicell spheroids were used in the present work since they mimic micro-tumors and metastases. In comparison to monolayer cultures, or cells in suspension, a significant advantage of spheroid models is that their micro-environment more closely mimics the in vivo situation and therefore, gene expression and the biological behavior of the cells are likely similar to that encountered in tumor cells in situ The effects of PDT on the dynamics of tumor spheroid growth and the infiltrating behavior of tumor cells migrating out of the spheroids were investigated. In order to mimic the light conditions typically found at 1-2 cm in the resection cavity wall, light fluences were intentionally kept low.
Materials and methods

Cell cultures
The grade IV GBM cell line (ACBT) used in this study was a generous gift of G. Granger (University of California, Irvine, USA) and was established directly from a patient's biopsy. The response of ACBT spheroids to a range of light fluence and fluence rates commonly used in ALA-PDT was determined in a previous study [19] . The cells were cultured in DMEM (Gibco, Grand Island, NY) with high glucose and supplemented with 2 mM l-glutamine, penicillin (100 U ml -1 ), streptomycin (100 lg ml -1 ), and 10% heat inactivated fetal bovine serum (Gibco, Grand Island, NY). Cells were maintained at 37°C in a 7.5% CO 2 incubator. At a density of 70% confluence, cells were removed from the incubator and left at room temperature for approximately 20 min. The resultant cell clusters (consisting of approximately 10 cells) were transferred to a petri dish and grown to tumor spheroids of varying sizes. Spheroids were grown according to standard techniques [20] . Spheroids of approximately 250 lm diameter were selected by passage through a screen mesh (Sigma, St. Louis, MO). It took approximately 14 days for spheroids to reach a size of 250 lm. The spheroid culture medium was changed twice weekly.
PDT treatments ALA (Sigma, St. Louis, MO) was prepared in growth medium (DMEM with 10% fetal bovine serum) and pH adjusted to 7.4. Spheroids were incubated in 100 lg ml ALA for approximately 4 h. In all cases, spheroids were irradiated with 635 nm light from a diode laser (Intense-HPD, North Brunswick, NJ). Light was coupled into a 200 lm-diameter optical fiber containing a micro-lens at the output end. Spheroids were irradiated in petri dishes, each containing approximately 40-50 spheroids. Four different control cultures were considered: (1) true controlsno ALA, no light, (2) ALA-only, (3) MGd-only, and (4) ALA and MGd (0.02 mg ml -1 ), no light. The treatment groups were irradiated using light fluences of 6, 12, and 18 J cm -2 delivered at a fluence rate of 5 mW cm -2 . Each fluence group was divided into two subgroups: with and without MGd. The MGd group was first incubated for 24 h in the presence of 0.02 mg ml -1 MGd. Thereafter, prior to light irradiation, the cells were washed and incubated in ALA as previously described. Following irradiation, spheroids were washed, resuspended in medium and placed in separate wells of a 48-well culture plate. Determination of spheroid size was performed by measuring two perpendicular diameters of each spheroid using a microscope with a calibrated eyepiece micrometer. The size of each spheroid was measured on five separate occasions: day 0 (immediately following irradiation), and thereafter weekly for a total of 4 weeks. The minimum criterion used for scoring a spheroid as growing was a 10% change in any one of the two diameters during the 1-week observation points. The growing fraction is simply the ratio of growing spheroids to the total number of spheroids measured at each of the 4-weekly observation points.
The degree of interaction between ALA-PDT and MGd was evaluated by a technique proposed by Drewinko et al. [21] . In this scheme, the degree of interaction is given by:
where SF M and SF P represent growing fractions with MGd and PDT respectively, and SF MP is the growing fraction following combined treatments. In this analysis, a = 1 indicates an additive effect (or absence of any effect), a [ 1 indicates a synergistic effect, and a \ 1 indicates an antagonistic effect.
Migration assay
The migration assay used in these experiments has been described previously [22] . Briefly, the matrix used consisted of a collagen gel composed of 70% type I rat tail collagen at a concentration of 4 mg ml -1 , 20% 5 9 DMEM, and 10% reconstituted buffer made of 260 mM sodium bicarbonate, and 200 mM HEPES. The pH of the collagen gel mix was adjusted to 7.4 with sterile 1 N NaOH.
The spheroids were grown as bulk cultures in petri dishes, each containing approximately 36 spheroids. Some of the spheroids were incubated for 24 h in the presence of 0.02 mg ml -1 MGd, washed and re-suspended in medium. Single ACBT tumor spheroids of 400-500 lm were placed in 35 mm diameter imaging dishes coated with a thin layer of dried rat tail type I collagen. After an hour to allow for spheroid adhesion, 200 ll of the collagen gel matrix was deposited over the spheroid and allowed to gel. The cultures were then overlaid with 400 ll of culture medium containing 10% FBS and incubated at 37°C in a 5% CO 2 atmosphere. Some of the individual cultures were incubated with ALA (100 lg ml -1 ) for approximately 4 h and were thereafter irradiated at either of two fluence levels (3 or 6 J cm -2 ) at a fluence rate of 5 mW cm -2 using 635 nm light from a diode laser. A 9-cm diameter laser beam size with a flat beam profile in the actual irradiation area (35 mm) of each culture was used in all experiments. The large total beam size allowed the treatment of four parallel cultures simultaneously in each group. Control cultures were either incubated in ALA but received no light (dark controls) or incubated in MGd and received light treatment but no ALA (MGd-only control).
Invasion distance was calculated daily as the distance in lm from the spheroid edge to the population of invasive cells most distant from the spheroid edge. Figure 1 shows a phase contrast light micrograph of a typical dark control culture 4 days following spheroid implantation.
Live/dead cell viability assay
To determine the viability of the spheroids and infiltrating cells after PDT treatment, the cultures were co-stained with Hoechst 33342 (Invitrogen, Carlsbad, CA) and Ethidium Homodimer 1 (E1169, Invitrogen, Carlsbad, CA) at 5 and 1 lg ml -1 of culture medium, respectively. The viability assays were performed 5 days following treatment. The collagen-embedded spheroid cultures were incubated with the dye mixture for 1 h at 37°C. After incubation, the cultures were washed three times with Hank's Buffered Saline Solution (HBSS). The cultures were examined using an inverted laser scanning microscope (LSM 510 META, Zeiss, Oberkochen, Germany) with a 20 9 /0.5 lens (EC Plan-Neofluar, Zeiss, Oberkochen, Germany). The blue Hoechst fluorescence from all cell nuclei was imaged using 800 nm two-photon excitation and 390-465 nm detection. The red Ethidium Homodimer fluorescence from necrotic nuclei was imaged confocally with 488 nm excitation and 576-640 nm detection. Scans were made at planes 60 lm into the spheroids with simultaneous excitation of the two dyes, and the images were pseudo-colored blue and red.
Results
The data presented in Fig. 2 show that PDT and PDT ? MGd produced significant growth suppression in human glioma spheroids. In both cases, the extent of growth suppression was most pronounced on day 7 post-treatment (Fig. 2a) . Thereafter, the percentage of spheroids demonstrating growth increased until a plateau was reached approximately 4-weeks post-treatment (Fig. 2c) . As expected, treatment efficacy was dependent on light fluence: higher fluences produced greater growth suppression. Spheroids in all four control groups (true controls, ALAonly, MGd-only, ALA ? MGd) demonstrated similar growth throughout the 4-week observation period. Representative data from two control groups are included in Fig. 2a -c. Differences in growth between spheroids subjected to PDT and those exposed to PDT ? MGd became evident at the end of the 2nd week (Fig. 2b) . In order to determine the extent of potentiation, the data in Fig. 2c was used to compute the interaction coefficient defined in Eq. 1.
As illustrated in Fig. 3 , MGd potentiated the effects of ALA-PDT in a synergistic manner-the degree of synergism increased with increasing light fluence.
Spheroid growth kinetics at a low light fluence (6 J cm -2 ) are illustrated in Fig. 4 . The data clearly demonstrate the growth suppressing effect of MGd. For example, after 2 weeks in culture, spheroids subjected to the combination treatment showed minimal growth. In contrast, the growth kinetics of PDT-treated spheroids was similar to the true controls: at the 2-week observation point, PDT-exposed spheroids had quadrupled in diameter.
The cellular migration results illustrated in Fig. 5 clearly show the enhanced inhibitory effects of the combined treatment. For example, the data show that on day 5 following low light fluence (3 J cm -2 ) exposure, maximum migration distances for glioma cells surviving PDT and PDT ? MGd were approximately 500 and 150 lm, respectively. This shows that, in this case, the addition of MGd resulted in an approximately three times reduction in migration distance compared with PDT alone. The complete inhibition of cellular migration observed in the case of the high fluence (6 J cm -2 ) PDT ? MGd was attributed to the high toxicity of this combined treatment and the resultant lack of surviving cells as illustrated in Fig. 6 .
The two-photon fluorescence images presented in Fig. 6 illustrate the enhanced toxicity achieved by combining PDT and MGd. At a light fluence of 3 J cm -2 very little necrosis (red fluorescence) was observed (Fig. 6b) , . In all cases, light was delivered at a fluence rate of 5 mW cm . Each data point represents the mean (±standard deviation) of 48-60 spheroids pooled from three distinct trials however, as indicated by the increase in the number of red fluorescent cells, a significant diminution in cell viability was observed when MGd was combined with PDT at this fluence (Fig. 6c) . As shown in Fig. 6e , the lack of blue fluorescent cells suggests that no viable cells were present at this spheroid depth (60 lm) following exposure to MGd and PDT at a relatively low light fluence of 6 J cm -2 .
Discussion
The primary finding of this study is that the efficacy of PDT at sub-threshold light fluences can be augmented with MGd. Simple calculations indicate that MGd interacts in a synergistic manner with ALA-PDT and therefore, in principle, it should be possible to extend treatment volumes using low fluences. It is quite possible that MGd-PDT efficacy can be extended to even lower fluence rates than those investigated in this study, particularly in combination with repetitive or chronic PDT regimens. For example, in vitro studies suggest that fluence rates as low as 0.07 mW cm -2 produce significant tumor spheroid toxicity [23] . Although a small sub-population of spheroids appear to survive even at the highest fluence investigated (18 J cm -2 ), a significant reduction in survival was seen compared to a single treatment without MGd. Previous . In all cases, light was delivered at a fluence rate of 5 mW cm -2 . Error bars denote standard deviations. Each experiment was repeated twice for a total of three trials studies have shown that glioma spheroids that survive acute doses of PDT continue to remain sensitive to subsequent PDT treatment [24] . Taken together, the data suggest that, in addition to its radiation sensitizer properties, MGd can enhance the efficacy of single acute doses of PDT even at the low light fluences typically found in the brain adjacent to tumor (BAT) region. A secondary finding of this study is that MGd potentiates the inhibitory effects of ALA-PDT on glioma cell migration. This is an important observation since GBMs are characterized by rapid cell migration and invasive growth. Infiltration of glioma cells into functionally intact brain is a major cause of tumor recurrence and, as such, eradication of these cells is a requirement for long-term survival. Unfortunately, this problem is unlikely to be solved with conventional treatments consisting of radiation and chemotherapy. Invading tumor cells may be chemoresistant by virtue of their location in areas of the brain where the blood-brain barrier is intact, and their tendency to reside in the non-proliferative G 0 phase of the cell cycle [25] .
The present work extends the findings of a previous study which showed that ALA-PDT was an effective inhibitor of glioma cell migration in a 3-D collagen matrix [22] . In that study, measurements of cell survival at sublethal fluence levels suggested a direct migratory inhibition effect on the invading cells rather than cytotoxicity as the most likely mechanism for this observation. Results from the present work clearly show that the addition of MGd enhances the inhibitory effects of ALA-PDT on glioma cell migration. In some cases, the combination of MGd and ALA-PDT resulted in almost complete migratory inhibition. Live/dead assays shown in Fig. 6 indicate that at a light fluence of 6 J cm -2 , spheroids incubated with MGd consisted of only dead cells and, hence, the migration inhibition was attributed to direct cytotoxicity. At the lower fluence level (3 J cm -2 ), there were clearly viable cells in the PDT ? MGd treated spheroids (Fig. 6c ) and the data presented in Fig. 5 suggest that cell migration was clearly inhibited by the addition of MGd to PDT. A comparison of Fig. 6d and e illustrate an important point, namely that the addition of MGd can extend the treatment volume of ALA-PDT as evidenced by the uniform distribution of necrotic cells throughout the spheroid section (Fig. 6e) . In contrast, spheroids subjected only to PDT (Fig. 6d) contain a significant number of viable cells residing at the center of the 60 lm deep section. Presumably, these cells are located in hypoxic regions where there is insufficient oxygen for the PDT effect.
Mechanistic studies of the effects of MGd and/or ALA-PDT on cell motility have not been investigated. The results presented in Fig. 5 show that PDT inhibited cell migration while MGd did not appear to affect cell motility.
The explanation for these observations is not entirely clear and bears further investigation. Migration and invasion of glioma cells into normal brain are complex processes involving a wide variety of molecules including proteases, adhesion molecules, small G-proteins, cytoskeletal proteins, cytoskeleton associating proteins, extracellular matrix molecules, growth factors, and guidance molecules [26] . In general, glioma cell invasion can be considered to consist of three interrelated processes. The first of these is cell adhesion to matrix proteins followed by dis-adhesion. Adhesion molecules are involved in cell-cell and cellsubstrate contact. On contact to their ligands in the extracellular matrix, a signaling cascade causes events such as cytoskeleton reorganization and transcription. It is hypothesized that this allows the cells to separate from the spheroid rim and migrate out into the collagen matrix. In a previous study [22] , ALA-PDT treatment of ACBT spheroids prior to implantation in culture, significantly decreased the ability of the cells in the spheroid rim to adhere to the collagen substrate. In addition, PDT appeared to completely block the migration of cells into the matrix.
The second step in glioma invasion involves enzymatic degradation of the components of the matrix (collagen in this case) by tumor secreted proteases. This degradation facilitates glioma cell infiltration. Glioma cells have been shown to overexpress certain proteases including matrix metalloproteinases (MMP) which have been shown to play a crucial role in glioma cell invasion [27] [28] [29] . In addition, down-regulation of gelatinase MMP-2 has been shown to inhibit U251MG and U87MG cell invasion. [30] These studies suggest inhibition of protease function might be a potential target for the effects of ALA-PDT.
Cell locomotion is the third requirement for cell invasion. This parameter is dependent on changes to the cell cytoskeleton and associated proteins such as actin which has been shown to be essential for cell migration. Actin responds to adhesion signals mainly from integrins and adhesion complexes undergoing cytoskeletal reorganization [31] . Cytochalsin B, which inhibits assembly of actin fibers, has been shown to reduce glioma cell motility [32] . These observations would suggest that actin fibers constitute a potential target for ALA-PDT and therefore bears further investigation.
PDT efficacy depends on a number of factors including, light fluence, fluence rate, tissue oxygenation status, photosensitizer concentration, and intrinsic tissue sensitivity to the PDT effect. The high degree of fluorescence observed in glial tumors following oral administration of ALA suggests that PpIX levels in tumor tissue and in the BAT are sufficient for effective PDT [12] [13] [14] . A limiting factor for successful PDT is the inability to attain threshold light fluences throughout the BAT. This is due to the rapid attenuation of light in brain tissues. For example, in vivo measurements in mammalian brains show that light fluence rates (630-635 nm) decrease exponentially with distance from the resection margin with a penetration depth of 1-3 mm [15, [33] [34] [35] [36] [37] . The limited penetration depth is particularly problematic in novel PDT regimens consisting of fractionated or continuous low-fluence rate light delivery [38, 39] . Hence, the motivation for the present work was to evaluate the ability of a known radiation and chemotherapy sensitizer (MGd) to enhance the cytotoxic effect of lowfluence rate ALA-PDT with the aim of extending treatment volumes beyond the immediate vicinity of the BAT. This is a requirement for improving survival in glioma patients since malignant cells typically migrate cm distances beyond the original resection margin.
Studies have elucidated a number of properties that makes MGd particularly suited for the treatment of cancer: (1) it selectively targets tumor cells which have increased rates of metabolism, (2) it remains inside cells for days [40] , (3) it disrupts energy production and inhibits cellular repair by stimulating the production of reactive oxygen species (ROS) such as free radicals [41] , (4) it is detectable by magnetic resonance imaging [42] , and (5) it does not accumulate in normal brain protected by an intact bloodbrain barrier [43] . The mechanisms by which MGd enhances the effects of ionizing radiation, chemotherapeutic agents (e.g., doxorubicin and bleomycin) and PDT have not been elucidated. Several possible mechanisms of action have been hypothesized [18] with the process known as futile redox cycling considered the most likely. Cells employ antioxidants (reducing metabolites) for the repair of oxidative damage caused by PDT. MGd might interfere with this repair function by transferring electrons from reducing metabolites to oxygen to produce hydrogen peroxides. This process is hypothesized to inhibit the repair of potentially lethal and sub-lethal damage, via decreased ATP production and increased generation of reactive oxygen species, inducing apoptosis. MGd has also been shown to increase the oxygen tension in tumors. In a recent study, the oxygenation of EMT6 mammary tumor in mice was measured with and without the injection of MGd [44] . Increased median pO 2 levels in tumors were significantly increased by MGd compared to controls. This is of importance since PDT is an oxygen-dependent treatment and the availability of oxygen is often the determining factor for the cytotoxic effect.
Since MGd has been shown to persist in tumor tissues for extended periods after discontinuation of drug injection [42, 45] , it would appear to be ideally suited for enhancing the efficacy of fractionated and continuous low-fluence rate PDT regimens which have been shown to be more effective than single acute doses in a number of in vitro studies [46] .
MGd has been given to a large number of patients to evaluate its utility as a radiation sensitizer [47] [48] [49] [50] [51] [52] . Serious side effects were uncommon and the compound was found to have high tumor-specificity and intracellular localization [53, 54] . The data presented here suggest that treatment volumes can be extended to include the BAT where the blood-brain barrier (BBB) is disrupted. Further extension of treatment volumes into normal brain is complicated by the intact BBB which excludes MGd. The delivery of MGd, as well as photosensitizing drugs, to these regions will require methods of selective BBB disruption. The ability of localized PDT treatment to open the BBB in a limited region of the brain is currently being evaluated in animal models [55, 56] . If these studies prove successful, it should be possible to translate them into clinical protocols combining PDT with MGd.
Although only one glioma cell line was investigated in this study, we have previously examined the effects of ALA-PDT in two rat glioma cell lines (BT 4 C and F98) [57, 58] . No significant variations in response to ALA-PDT were found in the three glioma lines (including ACBT): in all cases, glioma cells were found to be very sensitive to low light fluence rate ALA-PDT. A complete genetic characterization of the ACBT cell line has not been attempted and therefore the status of a number of proteins that might mediate PDT and/or MGd effects is unknown. A number of studies have shown that low-fluence rate ALA-PDT induces apoptosis in ACBT cells [59, 60] . This is attributed to the localization of ALA-induced PpIX in the mitochondrial membrane following short incubation times resulting in mitochondrial damage after light exposure [61, 62] . It is conceivable that variations in pro-and/or anti-apoptotic proteins between glioma cell lines might result in differing levels of apoptotic cell death and hence differences in overall survival following ALA-PDT, however, the potential for such variations can be minimized by incubating cell lines in ALA for longer times since this is associated with a translocation of PpIX from mitochondrial to plasma membranes resulting in necrosis following light exposure [61] .
In summary, the efficacy of ALA-PDT in human glioma spheroids can be enhanced with the addition of MGd. The results suggest that MGd and PDT interact in a synergistic manner and, as such, it should be possible to extend treatment volumes with the low light fluences found in the BAT during PDT. A secondary finding of this study is that the combination of PDT and MGd results in a significant inhibitory effect on glioma cell migration. The mechanisms by which MGd interacts with ALA-PDT remain to be elucidated and are the subject of ongoing studies in this laboratory.
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